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We report the ferroelectric properties of single-crystalline BiFeO 3 nanowires using piezoresponse force microscopy (PFM). The nanowires, synthesized by a hydrothermal approach, have a rhombohedral perovskite structure and a preferential growth of the (211) crystallographic plane perpendicular to the wire axis, as revealed by x-ray and electron diffraction investigations. PFM measurements reveal that the as-synthesized BiFeO 3 nanowires, down to 40 nm in diameter, have components of spontaneous polarization along both the axial and radial directions, thereby demonstrating the ferroelectric nature of the wires. The results indicate that such ferroelectric BiFeO 3 nanowires should provide promising opportunity for nanoscale nonvolatile memory devices. Low-dimensional ferroelectrics are of considerable importance because of their unique properties that are often found to be drastically different from their bulk counterparts, [1] [2] [3] such as size-induced depression of the phase transition temperature, 2 and the emergence of ferroelectricity in antiferroelectric thin films. 3 In particular, one-dimensional (1D) ferroelectric perovskites such as nanowires (NWs), nanobelts, and nanotubes have recently been studied extensively in the quest to miniaturize devices for nonvolatile random access memory applications and discovering interesting physics phenomena at nanoscale. 4 The recent rapid development in the synthesis of a wide variety of piezoelectric/ferroelectric 1D nanomaterials such as BaTiO 3 9 provides great opportunity to study the ferroelectricity of 1D nanostructures using such well-defined crystalline oxides. [10] [11] [12] Scanning probe microscopy (SPM), in particular its derivative piezoresponse force microscopy (PFM), is a powerful technique and widely used to study ferroelectricity and piezoelectricity at the nanoscale. For example, Suyal et al. confirmed the ferroelectric nature of K(Nb 0.8 Ta 0.2 )O 3 nanorods by PFM. 10 Using a ultrahigh vacuum SPM, Yun et al. demonstrated that individual single-crystalline BaTiO 3 NWs with 10 nm in diameter retain ferroelectricity at the nanometer scale. 11 In addition, PFM with different electrode geometry has been shown to be a valuable tool for extracting more information from 1D ferroelectric nanostructures. For instance, Wang et al. reported the application of a direct current (dc) bias along the axial direction of a BaTiO 3 NW, which allowed to control the inplane polarization with simultaneous detection of the shear piezoresponse and measurement of the ferroelectric hysteresis. 12 However, a clear and complete picture of nanoscale ferroelectricity is still lacking.
There is an increasing interest in developing and characterizing multiferroic materials, in which both ferromagnetic and ferroelectric orders coexist, as they exhibit rich physical properties and offer exciting opportunities for data storage, spintronics, electronics, and photovoltaic applications. 13, 14 Among all multiferroic materials studied so far (BiFeO 3 20 Recent synthesis approaches have been proposed to develop low-dimensional substrate-free BFO nanostructures, [21] [22] [23] which offer the possibility to study their ferroelectric, magnetic, and optical behavior at nanoscale. However, to date, little effort has been expended in research related with the ferroelectric performance of substrate-free BFO nanostructures. Recently, Xie et al. investigated the ferroelectric domains and piezoresponse of BFO nanocrystalline fibers using both traditional and a dual frequency resonance tracking PFM. 24, 25 However, the ferroelectric properties of 1D single-crystal BFO NWs have not been reported so far. Therefore, it is still unknown whether these "objects" exhibit piezoelectric/ferroelectric activity and their relationship with the crystalline structure and wire longitudinal axis. In this letter, we report the ferroelectric properties of individual single-crystalline BFO NWs. BFO NWs were synthesized by a hydrothermal method, similar to a recent report by Liu et al. 23 In a typical experiment, the precursor was prepared by mixing 2.425 g of Bi(NO 3 ) 3 Á5H 2 O and 1.352 g of FeCl 3 Á6H 2 O dissolved in 50 ml acetone (99.8%). Then 200 ml distilled water and concentrated ammonia were added under vigorous stirring until the pH value of the solution reached 10-11. After filtering and rinsing with distilled water, the co-precipitate was redispersed in 40 ml of distilled water. Under vigorous stirring, 8 g of NaOH was added into the suspension. Next, the a)
Author to whom correspondence should be addressed. hydrothermal solution was placed inside a stainless steel autoclave with a Teflon liner and heated at 140 C for 48 h. The final product was dried at 80 C for 2 h. The present synthesis approach yields highly crystallized BFO NWs with diameters ranging from 40 to 200 nm and lengths reaching up to several micrometers. The crystal structure of the as-synthesized powder was verified by x-ray diffraction (XRD) measurements performed on a Bruker D8 Advance diffractometer using CuK a irradiation (k ¼ 1.5418 Å ). The XRD pattern of the products is shown in Fig. 1(a) . All the diffraction peaks can be indexed with respect to R3c space group of BiFeO 3 , in good agreement with the literature data 26 and previous reports. 21, 23 The sharp peaks demonstrate good crystallinity of the wires. The scanning electron microscope (SEM) image in Fig. 1(b) presents a typical NW with a diameter of about 120 nm and a length of 4.8 lm. The structure of the BFO NWs was further characterized by transmission electron microscopy (TEM) [ Fig. 1(c) ]. In addition, the selected area electron diffraction (SAED) pattern [ Fig. 1(d) ] obtained from the same NW confirms that the wires are single crystalline. The indexation of the SAED pattern reveals that the growth direction of the NWs is perpendicular to the rhombohedral (211) crystal plane, consistent with the previous report. 23 For PFM measurements, the samples were prepared as follows: a small amount of the NWs-powder was dispersed in ethanol by ultrasonication, and few droplets of the resulting suspension were deposited on a platinum-coated silicon substrate and dried at 80 C in a furnace. Details about the PFM experiment were described earlier. 8, 27, 28 Figure 2 (a) illustrates a schematic diagram of the experimental setup for PFM study on the NW. A typical measurement was performed as follows: Initially, the probe tip was positioned on the crest of the selected NW, after having located the "object" by atomic force microscopy (AFM) operated in tapping mode; then the AFM mode was switched to contact, followed by the application of an alternating current (ac) and dc voltage combination for local hysteresis measurements. During the PFM measurement, extreme care was taken to prevent the movement of NW under the force applied by the AFM tip. 
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Li et al. Appl. Phys. Lett. 101, 192903 (2012) the ferroelectricity of the NWs. 29 We present here the mixed PFM signals, the correspondence between them, and PFM amplitude/phase being explained in the supplementary material. 30 The hysteresis loops shown in Fig. 3(a) , acquired from the NW shown in the inset, exhibit a well-defined hysteretic behavior. The electrostatic (linear) part was subtracted from the z-PFM loop, to emphasize only the ferroelectric contribution as reported previously. 31 An example of the subtraction of the linear contribution performed is again given in supplementary material. 30 The hysteresis loops clearly imply the existence of a switchable ferroelectric polarization in the assynthesized BFO NWs. The estimated coercive field is around 400 kV/cm, which is the same order of magnitude of that of epitaxial BFO thin films. The hysteresis loops suggest a strong asymmetry, which could arise from a built-in field caused either by stoichiometric or crystalline defects or by an asymmetric charge compensation of polarization. 10 Besides shifting the hysteresis loop, the electric field could even cause a non-180 switching of polarization. 32 We found that the strength of both the x-and z-PFM signals had large variations from one NW to another, apparently dependent on the relative orientation between the NW axis and cantilever [Figs. 3(b) and 3(c)]. However, most of the NWs exhibit a prominent and well-defined x-PFM hysteresis, while the z-PFM component has a lower magnitude and a rather irregular shape. The latter is thought to originate from the fact that the loops are not completely saturated, since we limited our maximum bias applied to relatively low values (8-12 V) , to avoid the electrical breakdown of the NWs.
To explain these results, we first focused on the orientation of the crystalline lattice in the as-synthesized BFO NWs. As shown by the SAED pattern [ Fig. 1(d)] , the cross section of the BFO NWs (radial direction) is parallel with rhomobohedral {211} planes, and the {001} planes are almost perpendicular (89. 5 ) to the {211} planes. Alternatively, the unit cell can be described in a hexagonal frame of reference with its c-axis parallel to the diagonal of the perovskite cube, i.e., [001] 15 and we assume that this is also the case for our unstressed NWs. However, because piezoelectricity is characterized by a 3rd-order rank tensor, in general case the magnitude of the piezoelectric response is not simply related to the polarization component along the measurement direction. [33] [34] [35] To interpret the PFM hysteresis loops, we estimated the piezoelectric coefficients of rhombohedral BFO using the electrostriction coefficients Q 11 , Q 12 , and Q 44 calculated by Zhang et al. 36 For the rhombohedral symmetry, there are four independent piezoelectric coefficients that can be calculated using the phenomenologically derived equations:
, and d 15 ¼ e 0 Q 44 (g 11 þ g 12 )P s3 . The two independent (relative) permittivity coefficients for the rhomohedral phase were estimated using the values measured for epitaxial films of BFO with different orientations as e 11 ¼ (1 þ g 11 ) $ 80 and e 12 ¼ g 12 $ À21 for the pseudocubic axes. 38 We calculated the following values for the piezoelectric coefficients in the pseudocubic system: Fig. 4(a) , and we notice that its shape resembles the piezoelectric surface of rhombohedral lead zirconate titanate, 33 implying that the maximum of d zz is not along the polarization direction (the [111] c ) but very close to the principal pseudocubic directions. This could explain why we found a z-PFM response almost for every NW probed, irrespective of its orientation with respect to the cantilever, since the angular window for which d zz is zero is very small. The dependence of the d zxz coefficient, associated with the x-PFM signal, is shown in Fig. 4(b) . To better understand the angular dependence, we also show a crosssection of the surface in the ð1 10Þ pseudocubic plane that contains also the direction of spontaneous polarization [ Fig. 4(c)] . Again, the maximum of the d zxz coefficient (intersection of the z-axis with the piezoelectric surface) does not occur along the polarization direction but occurs when the electric field (along the direction z in the figure) is close to the ½1 10] crystallographic direction. However, in contrast to d zz , the lobes of the d zxz surface are more concentrated close to the ð1 10Þ plane. Since the NWs are randomly oriented, it means that the chances to measure a zero x-PFM response are higher than that of the z-PFM, thus explaining why we could measure an almost zero in-plane response [ Fig. 3(c) ].
In conclusion, the ferroelectric properties of singlecrystalline BiFeO 3 NWs synthesized by a hydrothermal method were investigated by PFM. We show that nonvolatile electric polarization can be switched in both axial and radial directions of these NWs, evidencing that they retain ferroelectricity despite their small radial dimension. Furthermore, we observe that the strength of both the x-and z-PFM signals has variations from one NW to another, obviously dependent on the relative orientation of the crystalline lattice of the NW and cantilever. We described this behavior by estimating the shape of the piezoelectric coefficients' surface for the rhombohedral symmetry. These results will improve our understanding of the basic ferroelectric properties of 1D single crystal BiFeO 3 NWs and also be helpful for designing lowdimensional ferroelectric nonvolatile memory devices using such NWs as building blocks. 
